Abstract. The WIV numerical simulations of an elastically mounted cylinder located downstream of a stationary larger cylinder at high Reynolds numbers is done by lattice Boltzmann method(LBM). The model of fluid-mechanical-electric is established by LBM and OpenModelica through the coupling of WIV equation and Gauss equation. The numerical analysis of the WIV piezoelectric energy harvesting obtain the output voltage and output power under R=2e5Ω, which is compared to the numerical simulation of a single cylinder VIV piezoelectric energy harvesting. The results show that the WIV increases the amplitude of downstream cylinder and gets higher output voltage and power. For the same energy harvesting device, WIV has better electricity-generating capacity and can effectively improve the piezoelectric output characteristics.
Introduction
Fluid Induced Vibration(FIV) mainly includes Vortex Induced Vibration(VIV) and Wake Induced Vibration(WIV). A large number of experimental results and analytical models are presented for the interaction among multi columns. The arrangement mode of the column is mainly series, parallel, and staggered, and the influence of different arrangement modes on VIV is quite different from that of single column structure. Xu [1] used the finite volume method to solve the governing equations of two dimensional incompressible viscous fluid for the numerical simulation of VIV of three circular cylinders with a regular triangular arrangement at low Reynolds numbers, and the column spacing ratio changes in the range between 1.5-6 times the diameter. The simulation results present maximum mean of lift and drag of cylinder in WIV, centroid trajectory and the maximum transverse amplitude. In addition to the arrangement, the difference between the main dimension of column has a great influence on the VIV. Lam, K. M. [2] investigated the flow-induced vibration response of a flexibly mounted circular cylinder located in the rear of a larger cylinder, and the results show that downstream larger cylinder can restrain the vibration of the upstream cylinder.
In recent years, many piezoelectric energy conversion devices have been studied. Akaydin, H. D. [3] carried out experiment for a piezoelectric energy harvesting device which has a hollow cylinder with a diameter of 19.8mm and a single cantilever beam in a wind tunnel. Erik Molino-Minero-Re [4] implemented the VIV energy harvesting experiment for piezoelectric device with a series of cylinder and single cantilever beam, and the result shown that the maximum power is about 0.31 muW when the cylinder diameter is 8mm. A. Mehmood [5] calculated the VIV piezoelectric energy harvesting under low Reynolds and high mass ratio, and the maximum power is 10μW. Wang [6] carried out the numerical investigation of PVDF cantilever beam placed in the rear of blunt body, and the research focus on the calculation of fluid structure interaction in large deformation of PVDF cantilever beam. The electromechanical coupling and fluid solid coupling were done by distributed calculation but the output voltage is seldom analyzed.
In this paper, a kind of double piezoelectric cantilever beam device is designed, which is used to harvest the VIV energy. Based on the related research results of WIV, LBM is used to verify the calculation of WIV. Then, LBM combined with OpenModelica is used to establish WIV piezoelectric coupling calculation model. Energy harvesting characteristics and parameters of the system are analyzed, and the results are compared with that of VIV.
2.Numerical verification of WIV
LBM, used to simulate the macroscopic behavior with mesoscopic model, has the characteristics of easy to use, without grid, accurate simulation. The built-in structure solver allow complete analysis of fluid solid coupling in a natural way. In this paper, LBM is used to calculate the VIV.
Figure1. Computational domain.
The motion differential equations of WIV are expressed as follows:
(1) Where m is mass of cylinder, c is damping, k is stiffness. The dimensionless parameter are given in Tab.1. To compared with the numerical simulation results of Wang [7] , the calculation parameters is chosen as follows: diameter of the downstream cylinder is D=0.01m, mass ratio is m*=2.546， natural frequency is fn=10Hz，range of reduced velocity is U*=4.0~20.0, range of Reynolds number is Re=4000~20000, density of water is ρ=1000kg/m 3 , dynamic viscosity coefficient is μ=0.001Pa•s， damping ratio is ξ=0.00502. Computational domain is 0.55m*0.15m, as shown in Fig.1 . The coordinate origin is located at the center of the downstream cylinder, 0.175m away from the upstream boundary, 0.375m away from the downstream boundary. The velocity inlet is adopted at the left of computational domains. The outflow boundary is adopted at the right of computational domains. The inflow is uniform stream.
The amplitude ratio and frequency ratio obtained by LBM numerical calculation are compared with the numerical simulation results of Wang, as shown in Fig.2 and Fig.3 . When the reduced velocity is between 3 and 12, the amplitude simulated by LBM is higher, which is probably caused by high Reynolds number. When the reduced velocity is over 12, the amplitude of downstream cylinder are still higher, which explains that the downstream cylinder has forced vibration under the WIV of the upstream cylinder. The study results show that LBM can be very good for simulating WIV under low mass ratio and high Reynolds number. frequency ratio with the reduced velocity.
3.Physical model
In this paper, the energy harvesting device is designed to fix the two piezoelectric cantilever beams in the direction of transverse displacement of the downstream cylinder. The principle of the energy harvesting device is shown in Fig. 4 . c is system damping，k is system stiffness，y(t) is transverse displacement，R l is equivalent load resistance，U is stream velocity. The structure diagram and the circuit connection of the piezoelectric energy harvesting device are shown in Fig. 5 . 
4.Mathematical model
The governing equations of the system are the coupling equations of the vibration equation and the Gauss formula [8] 
Where  is effective electromechanical coupling coefficient， R is equivalent load resistance， C is equivalent capacitance of the piezoelectric layer，V is voltage of equivalent load resistance. The above parameters is expressed as follows [9] LBM combined with OpenModelica is adopted for the case under a load resistance, LBM is used to calculate fluid induced vibration force F(t). OpenModelica is used to solve equation (2) and (3) by programming, and then return the transverse displacement of cylinder to LBM.
Comparison result of load resistance and no load resistance
By comparing the characteristics of the VIV piezoelectric energy harvesting under different resistance. Zhang [10] obtained that the system voltage and power reached the maximum at R=2e5Ω. So the calculation parameters in this paper are chosen as follows: equivalent load resistance is R=2e5Ω, effective electromechanical coupling coefficient is = 2.022 − 4, capacitance of a single piezoelectric layer is C p = 6.130 − 8( ). To make a comparison with the previous VIV piezoelectric energy harvesting, the mass ratio of the downstream cylinder is selected as 1.19, and the other parameters are the same as the section 2. Amplitude ratio curves for R=2e5Ω and no load resistance is shown in Fig.6 while frequency ratio curves for R=2e5Ω and no load resistance is shown in Fig.7 . As a circuit is connected with the load resistance, the amplitude is reduced in the resonance region. When the reduced velocity is between 10 and 14，there is obvious lock-in phenomenon. When the reduced velocity is over 11, frequency decreases. When there is no load resistance, the maximum amplitude ratio is A*=1.974. When R=2e5Ω, the maximum amplitude ratio is A*=1.8. The effect of piezoelectric effect on the dynamic response of the system is not obvious. Amplitude and voltage time traces under R=2e5Ω is shown in Fig.8 . With the increase of the reduced velocity, the vibration frequency increases, and the amplitude and voltage increases at first and then decreases. When the reduced velocity is 4, amplitude is not stable, which is caused by that the forced vibration frequency under the WIV of upstream cylinder is difference to the system natural frequency of downstream cylinder. When R=2e5Ω, voltage curves for VIV and WIV is shown in Fig.9 . When the reduced velocity is 7.8，amplitude and voltage reach the maximum, which indicates that the wake vortex frequency of the upstream cylinder is close to system natural frequency at the moment. When the reduced velocity is over 14, the amplitude of downstream cylinder under WIV is still high while the amplitude of downstream cylinder under VIV starts to decline. As = 2 , power curves for VIV and WIV are shown in Fig.10 . When R=2e5Ω, the maximum value of power under WIV is 8201μW while the maximum value of power under VIV is 2205μW.
Calculation results of VIV and WIV

Conclusion
The WIV numerical simulations of an elastically mounted cylinder located downstream of a stationary larger cylinder at high Reynolds numbers is done by using LBM. Then the piezoelectric energy harvesting from WIV under R=2e5Ω is calculated. The dynamic response, output voltage and power output of the system under load resistance are studied too. The conclusions are summarized as follows:
1) According to the simulation parameters of Wang, this paper analysis forced vibration of downstream cylinder under WIV of upstream cylinder. The mass ratio of downstream cylinder is 2.546 and the diameter of downstream cylinder is 0.01m. By comparing with the numerical simulation results of Wang, the changing tendencies of both amplitude curves are similar, which illustrates that LBM is highly accurate in simulation of WIV.
2) LBM combined with OpenModelica is used to establish a flow electromechanical coupling model of the WIV piezoelectric energy harvesting. The change regulation of amplitude, frequency, voltage and power of the system with the load resistance is obtained. The highest output power of the system is 8201μW at the reduced velocity 7.8.
3) This paper compares the WIV with load resistance and the WIV without load resistance. It is found that the amplitude and frequency of the cylinder with the load resistance are basically consistent with the cylinder without load. When R=2e5Ω, the peak amplitude has a small reduction, which shows that the load resistance has little effect on the VIV of the circular cylinder. The energy harvesting system has the advantages of good stability, low pressure and high feasibility.
4)To compare with the results of WIV and VIV, the WIV of upstream fixed cylinder increase the voltage, power and peak amplitude of downstream elastically mounted cylinder and there is obvious lock-in phenomenon. So for the same energy harvesting device, WIV has a higher power generation capacity and can effectively improve the output characteristics of piezoelectric.
